The colloidal photoluminescent quantum dots (QDs) of CdSe (core) and CdSe/ZnS (core/shell) were synthesized at different temperatures with different growth periods. Optical properties (i.e., UV/Vis spectra and photoluminescent emission spectra) of the resulting QDs were investigated. The shell-protected CdSe/ZnS QDs exhibited higher photoluminescent (PL) efficiency and stability than their corresponding CdSe core QDs. Ligand exchange with various thiol molecules was performed to replace the initial surface passivation ligands, that is, trioctylphosphine oxide (TOPO) and trioctylphosphine (TOP), and the optical properties of the surfacemodified QDs were studied. The thiol ligand molecules in this study included 1,4-benzenedimethanethiol, 1, 16-hexadecanedithiol, 1,11-undecanedithiol, biphenyl-4,4 -dithiol, 11-mercapto-1-undecanol, and 1,8-octanedithiol. After the thiol functionalization, the CdSe/ZnS QDs exhibited significantly enhanced PL efficiency and storage stability. Besides surface passivation effect, such enhanced performance of thiol-functionalized QDs could be due to cross-linked assembly formation of dimer/trimer clusters, in which QDs are linked by dithiol molecules. Furthermore, effects of ligand concentration, type of ligand, and heating on the thiol stabilization of QDs were also discussed.
Introduction
Semiconductor nanocrystals or quantum dots (QDs) have received widespread and growing attention in materials application and have led to many efforts to assess nanoparticles in size-controlled manner. When the sizes of such QDs become close to or smaller than the bulk exciton Bohr radius, the electronic and optical properties of these nanomaterials show a significant change from their corresponding bulk properties, which are called quantum size effects. One such effect is the quantization of the bulk valence band and conduction band, resulting in discrete atomic-like transitions that shift to higher energies as the size of nanocrystals decreases. Because of their unique size-dependent optical and electronic properties, semiconductor nanocrystals are likely to play a key role in the emerging new field of nanotechnology, the application of which ranges from optoelectronic devices to biological fluorescence marking [1, 2] .
In order to study the fundamental properties of these QDs and explore their use in specific applications, convenient access to ligand-stabilized QDs possessing active functional groups is essential. The lack of general synthetic strategies to introduce specific functionalities into the terminal positions of the ligand has limited detailed experimental investigations of the QD properties and reactivities [3] . QDs are not very stable in liquid solution and the underlying cause of this instability is still not totally clear. To stabilize QDs, the most common method used is chemically attaching a monolayer of organic molecules to the atoms on the surface of the nanocrystals. These organic molecules attached to 2 Journal of Nanomaterials the nanocrystals are called surfactants, capping agents, or ligands. Due to its protective or "passivation" function, this monolayer of ligands on the surface of a nanocrystal, in general, not only stabilizes QDs in a liquid solution but also improves the optical properties of the QDs.
The most highly photoluminescent (PL) QDs of CdSe and CdSe/ZnS are typically synthesized using trioctylphosphine oxide (TOPO)/hexadecyl amine (HAD) as the surface passivation ligands [4, 5] . However, the limited chemical functionality of the terminal position of such ligands and their restricted solution stability, especially in aqueous media, makes multistep transformations and modifications necessary in order to achieve diverse functionality. On the other hand, the variety of functionalities is available using thiol or dithiol ligands, which can be readily prepared via convenient synthetic routes and/or supplied commercially. Thiolfunctionalized QDs are known to exhibit a higher stability than the phosphine-passivated QDs, and their terminal functionalities are able to bind other molecules and substrate surfaces, making them suitable for various applications. Some studies have been conducted using thiol-based ligand molecules to modify the surfaces of QDs [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] , most of which have focused primarily on the PL intensity of large ensembles of particles in solution [8, 10-14, 18, 19] . These studies have confirmed that thiols generally quench the PL of QDs [11, 13, 18] , while primary amines can either enhance or quench the PL, depending on the amine concentration in solutions [10, 11, 13, 14] . The ligand exchange approach to replace TOPO with heterobifunctional ligands such as mercapto-carbonic acids was also investigated. The thiolic end binds onto the surface of the QDs and the carboxyl moiety confers water solubility, thus making QDs adaptable to various biologically relevant environments. However, such an approach often leads to a significant loss in quantum yields and poor stability of the colloids in aqueous solutions [20, 21] . As part of our investigation to overcome these problems, we found that ligand exchange with mercaptoundecanoic acid plus further cross-linking with the amino acid lysine in the presence of dicyclohexylcarbodiimide could form a stable hydrophilic shell [22] . Such an organic functionalization reaction required only mild reaction conditions and led to QDs that were individually dispersed in water with good colloidal stability. Most importantly, the PL performance of the QDs was highly preserved and has been evaluated in the form of single-domain antibody-functionalized QDs for use in cellular imaging of cancer cells [23] . These studies provided conclusive evidence that the PL properties of QDs remain intact during ligand exchange and showed that the ligand exchange of these particles follows another pure organic pathway that is different from that of previously published approaches. Optical studies of the QDs also showed a strong dependence on the nature of the stabilizing thiol ligands. Thus the ligand exchange approach offers a new opportunity to study and tune systematically the optical and electronic properties of the QDs through measuring and controlling organic ligands bound to QDs.
Ligand-exchange reactions have become one of the most popular methods used for the surface modification of QDs, which involves the dynamic substitution of stabilizing ligands under certain conditions. This approach has been used to exchange alkanethiolates onto magnetic [24] [25] [26] and semiconductor nanoparticles [27, 28] . Alternatively, gold nanoparticles can be directly synthesized in the presence of thiolated ligands, including chemically functional species such as tiopronin, glutathione, and coenzyme A [29] [30] [31] , to circumvent the need for ligand exchange. However, this approach is not well established for the high-temperature preparation of CdE (E = S, Se, Te) type nanoparticles in hydrophobic solvents, which incorporate the ligand functionality.
In this paper, we report the general features and scope of the ligand-exchange reaction of CdSe/ZnS QDs with a variety of functionalized thiols and dithiols as surface ligands. This approach is convenient and the products tolerate organic environments (with neutral alkyl chain tails) or aqueous solutions (with charged COO − tails). Our studies show that, after the ligand exchange with thiols to replace original TOPO/TOP capping molecules, QDs exhibit significantly improved optical properties in terms of their PL emission intensity and their prolonged optical stability over time.
Beyond the surface effect, the possible formation of dimers, trimers, or other self-assembly clusters by controlled molecular coupling between CeSe/ZnS QDs may offer a powerful mechanism: the ability to control the cluster size of a QDassembly system could improve PL emission and storage stability properties.
Experimental Section
2.1. Chemicals. Trioctylphosphine (TOP, 90%), trioctylphosphine oxide (TOPO, 90%), cadmium oxide (>99%), toluene (99.5%), methanol (99.93%), octyldecylamine (ODA, 97%), octadecene (ODE, ≥95.0%), Oleic acid (≥99%), and selenium powder were purchased from Aldrich; zinc oxide (99.9995%) was purchased from Alfa Aesar; and sulfur (≥99) was purchased from EM Science. All chemicals were used as received without further purification.
Synthesis of CdSe
QDs. TOPO/TOP-capped CdSe quantum dots were synthesized by a procedure developed by Peng and Peng [5] and Yu et al. [32] with minor modification. Briefly, a selenium/TOP stock solution was prepared by dissolving 2 mmol of selenium powder in 5.4 mmol of TOP liquid with the help of ultrasonication. To dissolve CdO in TOPO, 0.55 mmol of CdO and 10 mmol of TOPO were placed into a 25 mL three-neck round-bottom glass flask and heated to 100 ∘ C under vacuum. While stirring with a magnetic stir bar and after replacing the vacuum with N 2 gas flow, the resulting liquid melt was heated further until the temperature reached 400 ∘ C, at which time the CdO dissolved well in TOPO, as indicated by the dark brownish color fading away. Simultaneously, heat was removed from the three-neck flask, and a cold (room-temperature) selenium/TOP solution in a syringe was quickly injected into the vigorously stirred CdO-TOPO reaction mixture. A color change (from clear to deep orange) in the reaction mixture was observed within 2-5 s, indicating the formation of CdSe quantum dots. The resulting reaction mixture was kept at a predetermined growth temperature (in the range of 150-250 ∘ C). At prespecified time intervals after the injection (10, 30, 60, 90, and 120 min), crude CdSe samples were obtained by extracting an aliquot of the reaction mixture (typically 30 L) from the flask. Each sample was diluted in 1 mL of toluene, purified with methanol, and redispersed in 1 mL of toluene.
Synthesis of CdSe/ZnS
Core/Shell QDs. Core/shell CdSe/ ZnS quantum dots were synthesized by the procedure developed by Peng and Peng [5] and Yu et al. [32, 33] with some modification. Typically, a three-neck flask (reaction vessel) containing a mixture with 5 g of TOPO, 5 g of ODA, and 20 mL of ODE was heated to 100 ∘ C under vacuum for 1 h and then cooled to 60 ∘ C, and 0.079 mmol of CdSe QDs dispersed in toluene was transferred into the reaction vessel via a syringe. The toluene was removed under vacuum at 50-60 ∘ C until bubbling in the mixture solution had ceased. The zinc precursor solution (0.1 M) was prepared by dissolving zinc oxide (101.7 mg) in oleic acid (3.09 g) and ODE (9.0 mL) under a N 2 atmosphere at 310 ∘ C and then kept in an oven at about 80 ∘ C. The sulfur precursor solution (0.1 M) was prepared by dissolving 40.1 mg of sulfur in 12.5 mL of ODE under N 2 flux at 180 ∘ C and then cooled to room temperature. A zinc/sulfur mix solution was prepared by mixing 5 mL of zinc oxide solution with 5 mL of sulfur solution in a roundbottom flask and keeping it warm (80-100 ∘ C) in a heating mantle.
The CdSe QDs mixture solution was heated under N 2 flux to a desired temperature, such as 190 ∘ C (typical range: 135-230 ∘ C). Then 1.36 mL of zinc/sulfur mix solution was extracted and added into the reaction vessel flask rapidly at a solution stirring speed of 1500 rpm followed by a stirring speed of 200 rpm for 5 min to complete the growth of first monolayer of ZnS on the CdSe. The same procedure as above was used for the second, third, and fourth monolayers, except that 1.86, 2.38, and 3 mL of the zinc/sulfur mixture solution was added in the reaction vessel, respectively. Note that the quantity of ZnS used in our experiment was calculated based on the assumption that CdSe has an average diameter of 4 nm, and four monolayers of ZnS are designed to be coated on CdSe cores to form particles with a diameter of 6.8 nm (thickness of one monolayer is ∼0.35 nm). Therefore, the volume of individual ZnS = 3.14 × (6.8 3 −4 3 )/6 = 131.1 nm 3 ; the number of CdSe particles in this experiment is 7.8 × 10 16 ; the total volume of ZnS = 131.1 × 7.8 × 10 16 = 1.02 × 10 19 nm 3 = 1.02 × 10 −2 cm 3 ; the ZnS density is 4.102 g/cm 3 ; the total mass of ZnS needed = 4.102 × 1.02 × 10 −2 = 0.042 g = 4.3 × 10 −4 mol = 0.43 mmol; and the needed volume of ZnO or sulfur solution = 0.43 mmol/0.1 M = 4.3 mL. The total volume of ZnO and sulfur should be 8.6 mL, which was added at four sequential times, as described above.
Optical Properties by UV/Vis and PL Spectroscopy and
Quantum Yield (QY) Calculation. UV-visible spectra were collected with a Varian Cary 4E UV-Vis Spectrophotometer (Varian, Inc., USA). Photoluminescence (PL) spectra were obtained immediately after UV-Vis measurements on a FluoroMax-P photoluminescence spectrometer (Horiba Jobin Yvon Inc.), equipped with a dual monochromator on both the excitation and emission side, using a Teflon-capped quartz sample cuvette (1 cm × 1 cm).
For quantum yield (QY) calculation, a Rhodamine 6G (R6G) water solution, which has a quantum yield of 95% at an excitation wavelength of 488 nm, was used as a standard. The intersection of a QD sample with R6G was assumed to be at nm and OD (optical density from the UV/Vis absorption spectra). should be less than 0.2 (better less than 0.1), which can be achieved by diluting the sample. The QY of R6G at X nm can be calculated based the following formula:
The QY of QD sample at nm can be calculated as follows:
where OD 488 represents OD of R6G at 488 nm, PL 488 represents integrated peak area of R6G at the excitation of 488 nm, OD − represents OD of R6G at nm, PL − represents integrated peak area of R6G at the excitation of nm, QY −X represents quantum yield of R6G at the excitation of nm, PL QD− represents integrated peak area of QD sample at the excitation of nm, and QY QD is quantum yield of QD sample at the excitation of nm.
Scanning Transmission Electron Microscope (STEM).
STEM images were recorded with a Hitachi HD2000 STEM operated at an accelerating voltage of 200 kV. The samples used for STEM observations were prepared as follows. Some QD nanocrystals were dispersed in a suitable amount of toluene which was ultrasonicated for 10 min. Then a drop of the dispersion was spread over a small SPI TEM grid (200 mesh copper grid with holey carbon film) and air dried at room temperature so that the sample deposited homogeneously on the grid between the tiny pores of the holey carbon film. 
Results and Discussion

Influence of Synthesis Conditions on Optical
Properties of CdSe QDs. The UV/Vis absorption spectra of CdSe QDs (Figure 1 (a)) are red shifted (i.e., a peak shift toward a larger wavelength) with an increase in growth time, which should result from an increase in particle size with time. The particle sizes of CdSe QDs were smaller when they were synthesized at the lower growth temperature (150 ∘ C), as indicated when compared to the peak positions of samples grown at the higher temperature (250 ∘ C) in Figure 1(b) . As the excitation wavelength increased from 320 nm to 482 nm as the PL emission spectra were being measured, all five samples were red shifted and the particle size distribution became broader with the growth time. This observation is to be supported by their PL full width at half maximum (FWHM) in wavelength units which, to some extent, can be used as an indicator of the development of the size distribution of the growing nanocrystals [34] . The values for the red shifts of the absorption and the PL emission peak positions of the growing nanocrystals as well as the increase in the PL FWHM are summarized in Table 1 . The red shift of the PL emission peak position is more sensitive (i.e., bigger wavelength change for the peak shift) than that of the absorption peak position for the nanocrystals at late stages of growth [35] . Generally, PL emission peak intensity is the highest when the sample growth time is around 30 min. Under the conditions of our synthesis, calculations of PL emission peaks of all CdSe QD samples gave quantum yields (QY) of less than approximately 4% ( Figure 2 ). All five samples exhibited strong absorption between 500 and 600 nm. There are two kinds of crystal structures in the assynthesized CdSe QDs by X-ray diffraction (XRD) analysis (data not shown). One is a cubic crystal, which accounts for 60.5% of the structures, and the other is a hexagonal crystal, which accounts for 39.4%.
Influence of Synthesis Conditions on Optical Properties of
CdSe/ZnS (Core/Shell) QDs. The FWHM was 32.788 when the zinc and sulfur precursors were added the first time for the first ZnS monolayer formation ( Table 2) , indicating that initially the size of the particles was not uniform, but as the particles grew, they became more uniform as the FWHM decreased from 32.788 to 30.617. However, after that the nanocrystals continued to grow, but their particle size distribution became larger again.
As the time and number of monolayers in shell increased, the PL quantum yields likewise increased. This result confirmed that the ZnS shell layer can improve the optical properties of quantum dots. Our experimental results showed that four monolayers of ZnS are suitable for the CdSe core QDs as the PL emission intensity was enhanced dramatically ( Figure 3 ). Such PL enhancement results from the reduction of the surface defects. Detailed examination of the CdSe/ZnS (core/shell) QDs synthesized by high-resolution aberration-corrected electron microscope (ACEM) is shown in Figure 3 (c). Instead of seeing epitaxial growth of crystalline structure, the shell layer outside the core seems to be of amorphous structure.
Surface Exchange and Coupling with Thiol Ligands and
Their Effects on Optical Properties of CdSe/ZnS. Storage stability of CdSe/ZnS QDs is important for the application and further modification of quantum dot systems. Purified QDs are metastable in comparison to their corresponding bulk crystals/solids and have to be kinetically stabilized. The most common method of keeping them stable is chemically attaching a monolayer of organic molecules to the atoms on the surface of nanocrystals. These organic molecules are often called ligands. In addition to serving a protective function, this monolayer of ligands on the surface of a nanocrystal provides the necessary chemical accessibility to the nanocrystals by varying the terminal groups of the ligands pointing to the outside environment. For both functions, the stability of the ligands on the surface of nanocrystals is the key concern, which ultimately determines the stability of the entire nanocrystal/ligands complex. Ligand exchange and coaction reactions are commonly employed on QDs surfaces to improve the optical properties and/or introduce functional groups on the QD surface for further reaction. TOPO is the most commonly used capping ligands in the synthesis of cadmium chalcogenide QDs, and manipulating the surface chemistry of QDs by ligand exchange is important in the application of QDs to biological systems. Ligand exchange with thiol molecules was introduced in this work, which brings functional groups to the QD surface for further reactions, such as molecularly coupling (or linking) one QD with another QD via a thiol ligand. Thiols are probably the most commonly used ligands for stabilizing semiconductor [36] [37] [38] [39] [40] and noble metal [41] [42] [43] [44] [45] nanocrystals. They have been used almost exclusively in biomedical-related studies based on nanocrystals, so it is very important to understand the photo/chemical instability of the thiol-stabilized nanocrystals.
In this work, various types and different concentrations of thiol ligand molecules were studied and ligand-modified CdSe/ZnS QDs were measured by PL emission spectroscopy. Under certain conditions with 1,4-benzenedimethanethiol (BMT) as the ligand, significant PL emission intensity enhancement (>5 times) was demonstrated (Figure 4(a) ). In addition to the surface passivation effect of the thiol ligands, such enhancement may be due to controlled linking (or coupling) between CdSe/ZnS QDs via surface-exchanged thiol ligands. As we will discuss later, our STEM images do show the existence of dimers or trimers, indicating the possible molecular linkage between QDs. The ligand molecules not only exchanged with the TOPO molecules on QD Journal of Nanomaterials Figure 1 : UV/Vis absorption spectra of CdSe QDs synthesized by modified Peng's methods [5] at different growth temperatures: (a) 150 ∘ C and (b) 250 ∘ C. Aliquots were taken at different reaction times, and the reaction time for each spectrum is labeled. surfaces but also appeared to behave like a molecular linker between QDs. These controlled QD-linker-QD assemblies or aggregates could provide enhanced PL emission intensity (Figure 4 ). Within the concentration range we have studied (i.e., molar ratio of ligands to QDs is 1 to 7), increasing the ligand concentration clearly causes further enhancement of PL emission intensity (Figure 4(b) ). Quantum yield calculation data are summarized and show the trend of QY improvement with increasing BMT concentration. Furthermore, results from systematically designed experiments for understanding the effect of various types of ligand molecules are summarized. The QY values of these measurements were derived using diluted QD samples with reasonable optical densities. No significant difference was observed in QY values among these samples except that the blank sample (with no thiol ligand addition) had a much lower QY. The QY of samples with biphenyl-4,4 -dithiol (at QDs/ligands molar ratio >2 : 1) was significantly lower than that of the other samples and was in fact close to the value for blank QD sample. The QY of these samples was also significantly lower when the molar ratio of QDs to ligands was less than 2 : 1, which may be attributed to the poor solubility of biphenyl-4,4 -dithiol in toluene. The QY of other samples increased as the concentration of ligands increased. When the ligand concentration was fixed, a higher QD concentration in the colloidal sample also led to a higher QY value. According to the above experimental results, all QY values are higher than blank sample under the same conditions if the thiol ligand/coupling agents can dissolve well in toluene solvent. As the concentration of the coupling agent is increased, the QY value increases. If the concentration of coupling agents remains constant, the QY increases along with the QD concentration increases. The surface traps states maybe passivated in electronically by the molecular cap species on the QD surface [46, 47] . While X-ray diffraction and electron microscopy have been used to establish the structure of the crystalline core [48] [49] [50] , the structure of the surface has remained largely elusive. Nuclear magnetic resonance (NMR), by virtue of probing local chemical environments, has the capability of providing important information on crystallite surfaces [51, 52] . For example, NMR has been used to explore the surface morphology of CdS nanocrystallites capped with thiophenol [52] . In this work, we focused on the NMR study of QDs surface exchanged with 1,8-octanedithiol (ODT) as ligands. 31 P MAS NMR spectra of CdSe and CdSe/ZnS quantum dots with and without ODT as ligands were obtained, as shown in Figure 5 . The results showed that there is liquid-phase TOPO in CdSe quantum dots around 50 ppm.
The CdSe is not dry enough. It can also be seen that the peak of NMR spectra between 5 ppm and 40 ppm was the superimposed signal of TOPSe and TOPO [53] . With 31 P-1 H cross-polarization (CP), we can see the existence of phosphorus in CdSe quantum dots in 4 ppm, corresponding to inorganic material connected with no -H or OH. With HETCOR ( 1 H-31 P), the observed phosphorus in CdSe/ZnS quantum dots at 4 ppm was inorganic material connected to -H or OH. This may result from the shell preparation procedure in which acid was used. Comparing with the results of Figure 5 (b) and Figure 5 (c), it can be seen part of TOPO and some of the phosphonic acid-presumably the key impurity in Tech TOPO [54] -were replaced by ODT, as the peak intensity around 28 ppm in Figure 5 (b) was stronger than that in Figure 5 properties of quantum systems. The end-chain methyl of TOPO is at 0.91 ppm and the degenerate CH 2 s are at 1.24 ppm with separate resonances at 1.39 and 1.51 ppm for the CH 2 s at the phosphorous chain end. In the sample shown in Figure 6 (b), the methyl resonance of TOPO is visible and somewhat broadened, and the chain resonances are spread out (all inequivalent). The spectra of samples in Figures 6(b) and 6(c) are almost identical, indicating that the addition of ODT at low concentration does not alter the surface of the sample, which still appears to be TOPO with no ODT. The sample in Figure 6 (e) contains a large excess of ODT, and the only signals evident in the spectrum are from ODT in solution. ODT in solution has major peak multiplets at 1.10, 1.15, and 1.37 ppm. The sample of Figure 6(d) , with a concentration of ODT lower by two orders of magnitude, generates a spectrum with evidence of both TOPO and ODT in the spectrum at about the same concentration (±50%), based on the relative area of the TOPO peak at 0.91 and the ODT peak at 1.10 ppm. No free side-chain resonances and sharp peak at 1.24 ppm are observed in the spectrum of Figure 6(d) . Based on this criterion, it appears that both TOPO and ODT are attached to the surface of the quantum dots. and after the addition of thiol ligand molecules. The ligand molecules not only exchanged with the TOPO molecules on QD surfaces but also appeared to have behaved like molecular linkers between QDs. Indeed, The STEM images (Figures  8(a) and 8(c)) indicated the existence of many dimer-and trimer-like clusters. These controlled assemblies or aggregate clusters could provide enhanced PL emission intensity. After heat treatment, the CdSe/ZnS QDs that had no thiol ligands lost their PL emission intensity significantly ( Figure 9 ). However, after modification, the samples with thiol ligands maintained almost the same PL emission intensity (Table 3 ) before and after thermal treatment at 60 ∘ C for 24 h. In general (except for biphenyl-4,4 -dithiol 1 : 8 case), the higher the concentration of ligand agents in the QD sample, the better the maintained PL emission stability. As the molar ratio of CdSe/ZnS QDs to 1,4-benzenedimethanethiol decreased, the optical performance was enhanced. When the ratio reached 1 : 2, the optical properties of quantum dots were basically stable but were no longer enhanced by subsequent increases in 1,4-benzenedimethanethiol concentration. After heating at 60 ∘ C for 24 h, the samples showed similar results. Using biphenyl-4,4 -dithiol molecule cross-linked CdSe/ZnS QDs, it appeared the optical properties of CdSe/ZnS QDs may be related to the solubility of biphenyl-4,4 -dithiol in toluene solvents. Biphenyl-4,4 -dithiol solubility in toluene is limited; when the molar ratio of CdSe/ZnS QDs to biphenyl-4,4 -dithiol is decreased to 1 : 2, biphenyl-4,4 -dithiol will precipitate in solution. In the meantime, some QDs are absorbed on the surface of dithiol molecular, which affects the equilibrium of the solution. After heat treatment at 60 ∘ C for 24 h, perhaps due to increasing solubility of biphenyl-4,4dithiol in toluene, the optical properties of CdSe/ZnS QDs system are the best when the molar ratio of QDs to thiol is 1 : 2 (see Table 3 ). Experimental results show that optical properties of CdSe/ZnS QDs are enhanced until the molar ratio The passivation effect of 11-mercapto-1-undecanol is not as good as the effect of dithiols but better than the case with no linker in CdSe/ZnS QDs system. Data in Table 3 show that the optical properties of CdSe/ZnS QDs are enhanced as the molar ratio of CdSe/ZnS QDs to 11-mercapto-1undecanol decreases. After heat treatment at 60 ∘ C for 24 h, similar results were obtained and the protective function of 11-mercapto-1-undecanol was effective when the molar ratio of CdSe/ZnS QDs to 11-mercapto-1-undecanol decreased to 1 : 8.
Based on the above experimental results, it was found that the optical properties of CdSe/ZnS QDs cross-linked with dithiols are better than those cross-linked with hydroxy thiol molecules, and that the modified effect of dithiol with aliphatic or aromatic chain on their optical properties is similar. Using 1,4-benzenedimethanethiol as a linker, and after heating at 60 ∘ C for 24 h, the optical properties of CdSe/ZnS QDs were not as good as those obtained using dithiol with an aliphatic chain, although the defect luminescence was also the weakest.
Aldana et al. [55] reported on the use of thiol molecules to increase the stability of the optical properties of CdSe QDs. Due to the presence of the thiol molecules, oxidation of the CdSe QDs was prevented. Koole et al. [56] found that dithiol can be used to cross-link CdTe QDs. Our experimental results here also show that dithiol molecules may cross-link CdSe/ZnS QDs (and thus form dimers and trimers per STEM images). However, at the same time, the dithiols keep QDs apart with molecular interspacing and avoid their further aggregation, resulting in a more stable optical performance.
Journal of Nanomaterials
A longer thermal treatment time was studied. Our experimental results showed that longer thermal treatment did not improve the protective effect to quantum dots but did provide a means of accelerating the replacement of the ligands. Thermal treatment has also accelerated the oxidation and precipitation of quantum dots, which are not beneficial to their optical properties. The experimental results showed that ODT obviously protected the quantum dots and thus improved their stability under heating or long-term storage conditions, but if heating was continued for long periods, such as 144 h as shown in Figure 10 , the protective ability was not as effective as that obtained at room temperature.
Conclusions
In summary, the core shell structure of CdSe/ZnS quantum dots was synthesized successfully and used in studies of ligand exchange and coupling and their effect on the optical properties of ligand-modified QDs. During synthesis, the reaction conditions were investigated. As the growth time increased, the photoluminescence emission intensity of CdSe quantum dots likewise increased. According to our experimental results, the PL emission of QDs was greatly improved after adding the zinc and sulfur precursors.
Furthermore, thiol molecules acted not only as coligands to passivate the QD surface but also possibly as molecular linkers between QDs to improve the optical properties of the QD system. Thiol ligand molecules replaced part of TOPO and another kind of phosphorus in the quantum systems, which comes from the impurities of TOPO and TOP. Under different conditions, the optical properties of core-shell structure CdSe/ZnS quantum dots were enhanced by cross-linked thiol molecules such as 1,4-benzenedimethanethiol, biphenyl-4,4 -dithiol, 1,16hexadecanedithiol, 1,11-undecanedithiol, 1,8-octanedithiol, and 11-mercapto-1-undecanol. The optical properties of CdSe/ZnS QDs cross-linked with dithiol were better than hydroxy thiol molecules, and the modified effect of dithiol with an aliphatic or aromatic chain on the optical properties was similar. The optical properties of linked CdSe/ZnS QDs showed no change after 1 week at room temperature. And the results shows that the optical properties of CdSe/ZnS QDs cross-linked with small molecules, such as 1,11-undecanedithiol and 1,8-octanedithiol, is better than cross-linked with larger molecules such as1,4benzenedimethanethiol after heat treatment at 60 ∘ C for 24 h.
